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Natural killer cell dysfunction and apoptosis induced by
chronic myelogenous leukemia cells: role of reactive
oXxygen species and regulation by histamine

Ulf-Henrik Mellgvist, Markus Hansson, Mats Brune, Claes Dahlgren, Svante Hermodsson, and Kristoffer Hellstrand

Natural killer (NK) cells are deficient in
patients with chronic myelogenous leuke-
mia (CML), but the mechanisms respon-
sible for the dysfunction are not com-
pletely understood. This study reports
that CML cells effectively inhibit the base-
line and interleukin-2 (IL-2)-induced NK
cell cytotoxicity against a CML cell-de-
rived line (K562). A sizable fraction of NK
cells subsequently acquired features
characteristic of programmed cell death/

apoptosis. The CML cell-mediated inhibi-
tion of NK cells required triggering of
reduced nicotinamide adenine dinucle-
otide phosphate (NADPH) oxidase-medi-
ated formation of reactive oxygen spe-
cies (ROS) and was prevented by catalase,
a scavenger of ROS, and by histamine,
acting via H ,-receptor—-mediated inhibi-
tion of ROS production in CML cells. In
contrast, nonmalignant neutrophilic
granulocytes inhibited NK cells via ROS

production without the requirement of
exogenous NADPH oxidase-triggering
stimuli. We propose that paracrine pro-
duction of ROS may contribute to the
dysfunction of NK cells in CML and that
histamine may serve as an autocrine in-
hibitor of ROS formation in leukemic
granulocytes. (Blood. 2000;96:1961-1968)

© 2000 by The American Society of Hematology

Introduction
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Chronic myelogenous leukemia (CML) is a fatal myeloproliferamonocytes recovered from patients with a constitutively defectivey
tive disease characterized by massive expansion of hematopoietidity to generate ROS (chronic granulomatous disease) do not inhitgt
progenitor cells with the appearance of cells of the granulocydK cells® and (2) catalase, a scavenger of hydrogen peroxide, argl
(GR) lineage in the peripheral blood. Natural killer (NK) cells, distamine, an inhibitor of NADPH oxidase-dependent formation ofS
subset of lymphocytes endowed with spontaneous cytotoxici§OS, reverse the inhibition of NK cell functiéfiand protect NK cells
against tumor cellé? have been proposed to participate irfgainst monocyte-induced apoptdsis.

surveillance of the malignant clone in CMLHowever, NK cells Malignant CML cells carry a functional membrane NADPH oxidas:
decrease in number and function during the course of CML; typical§id are thus endowed with the capacity to produce R¥Stherefore
the absolute number of NK cells is profoundly reducegiatients with ~ €xplored whether ROS generated by CML cells alter functions of NK2
late-stage disease as compared with healthy control subjects, aS§' in Vitro, and compared these properties of CML cells with those of
reduction of NK cell inducibility and proliferation accompanied’onmalignant neutrophilic granulocytes (GR). We report that CML cells

disease progressiéithe NK cell dysfunction is apparently unrelated td)rofoundly in_hibit the_ bgs_eline and Cytolfint_a-induced cytoto_xicity _Of NK §
prior cytotoxic therapy and triggered by an as yet undefined inhibitoﬁ‘?"S _and trigger significant apoptosis in NK cells. Histamine, az
signal in the malignant microgitonment? constituent of CML cells, and catalase almost completely rescue NK cel
Understanding the mechanisms of the NK cell dysfunction in CMEytOlytic activity and protect NK cells from CML cell-induced apopto- g
sis. In contrast to nonmalignant GR, CML cells require an external

could be useful in elucidating how this disease develops and slﬁmulusto inhibit NK cells. It is hypothesized that paracrine production;

identifying therapeutic strategies. Earlier studies have revealed that cg] ROS may contribute to the NK cell dysfunction in CML and that

o
jstamine may serve as an autocrine regulator of ROS production
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of the monocyte/macrophage lineage effectively inhibit NK cell funcﬁ
tion; thus, monocytes suppress NK cell cytotoxicity, proliferation, and, . emic granulocytes.
cytokine gene transcripti®fand render NK cells resistant to activating
cytokines such as interleukin-2 (IL-2) or interferar{=N-a).5 Eventu-
ally, a sizable fraction of NK cells undergo fragmentation of nuclear

DNA and die by apoptosis after cell-to-cell contact with monocytesMaterials and methods

Reactive oxygen species (ROS), such as superoxide anion, hydrogen

peroxide, and other reduced nicotinamide adenine dinucleotide phegparation of lymphocytes, GR, and CML cells

phate (NADPH) oxidase-dependent oxygen metabolites, are the madikocytes were isolated from freshly prepared leukopacks obtained from
mediators of the NK cell inhibition as suggested by the findings that (Aalthy blood donors at the Blood Center, Sahlgren’s Hospitaeliaog,
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Sweden. The buffy coat~65 mL) was mixed with 92.5 mL Iscoves Detection of surface antigens

medium, 35 mL dextran (6%; Kabi Pharmacia, Stockholm, Sweden) and . . ) . o .

7.5 mL acid-citrate-dextrose (Baxter, Deerfield, IL). After incubation for lé)ne million cells were mcuba_ted with approprlate fluorescein |soth|ocya—
minutes at room temperature, the supernatant was carefully layered o %e (FITC)Tan_d phycoerythrin (PE)-conJugated6 monoclon_al antibodies
Ficoll-Hypaque (Lymphoprep, Nyegaard, Norway). The mononuclear ce gecton & Dickinson, Stockholm, Syved_en; 1@/106 cells) on ice fqr 30
(MNC) were collected at the interface after centrifugation atg380 15 mlngtes_. The cells were washed twice in PBS and resuspended inL500
minutes, and washed twice in phosphate-buffered saline (PBS) foIIowed%%‘Z”le filrated PBS and analyzed by use of flow cytometry on a FACSort

resuspension in Iscoves medium supplemented with 10% human AR haLlysys Il softwqre program (Bec_ton & Dickinson). Lymphocytes
) were gated on the basis of forward and right angle scatter. The flow rate was
serum (culture medium).

The MNC fraction was enriched for NK cells using counter-curren?djusmd to less than 200 cells/s and at the leastl®® cells were analyzed
centrifugal elutriation, as described in detail elsewtfaBeiefly, the MNC or each sample.
were resuspended in elutriation buffer containing 0.5% bovine serum o
albumin (BSA) and 0.1% EDTA in buffered NaCl and fed into a BeckmafPOPLOSis in NK cells
J2-21 ultracentrifuge with a JE-6B rotor at 2100 rpm. Alymphocyte fractiofiyree methods were used to analyze the frequency of lymphocytes with
enriched for NK cells (with CD3/56" phenotype) and T cells (CD267)  apoptotic features after contact with GR or CML cells. Apoptotic morphol-
was obtained at flow rates of 15 to16 mL/min. This fraction did not contaiggy was detected by use of flow cytometry. A gate was set to comprise
monocytes € 2%) and consisted of CD356" NK cells (45-50%), lymphocytes with reduced forward scatter and increased right angle scattgr
CD37/567T cells (35-40%), CD3/56"cells (5-10%), and CDI56" cells  characteristic of apoptosisTwo FACS-based methods were used to 2
(1-5%), as judged by flow cytometry. confirm apoptosis in these cells, detection of extracellular annexin

SPe

To enrich GR, the red blood cell (RBC)/neutrophil pellet recovered aftginnexin V-FITC Apoptosis Detection Kit I; PharMingen, San Diego, ¢%), =
Ficoll-Hypaque separation was immediately mixed with 100 mL elutriationg analysis of intracellular content of reduced intracellular glutathione (Celf
medium (ie, Krebs-Ringer phosphate buffer; KRG, pH 7.3; 120 nmol/iracker, Eugene, ORY:12 é—"
NaCl, 5 mmol/L KCI, 1.7 mmol/L KHPQ,, 8.3 mmol/L NaHPQ@ and g
glucose 10 mmol/L, not supplemented with‘Cao minimize spontaneous ~pemiluminescence measurement g

o

activation and adhesion of neutrophils to tubing). At a flow rate of 20 g

mL/min, the cells were fed into a Beckman ultracentrifuge with a JE-6Bhemiluminescence measurement was performed at 37° in a 6-chanrgl

rotor spinning at 2150 rpm at 4°C. Under these conditions, GR remain in tB&lumat LB 9505 (Berthold Co, Wildbad, Germany) by using disposablea

elutriation chamber. After 25 minutes the flow rate was increased to 4emL polypropylene tubes, as descridédhe reaction mixture contained

mL/min and neutrophilic GR were consistently recovered at a purity &8 mL elutriated CML cells (5 10%mL) in a balanced salt solution

more than 98%. Freshly isolated GR were thereafter resuspended in KRebs Ringer glucose) also containing horseradish peroxidase (HRP; 4

buffer supplemented with Ca (1 mmol/L) and Mg * (1.5 mmol/L), and and luminol (20pumol/L). The tubes were allowed to equilibrate for 5 &

kept on ice until used either in the cytotoxic or apoptosis assays or fatinutes at 37° before fMLF (0.tmolL, final concentration) was added,

measurement of ROS production. and light emission was recorded (results given as cpm, ang & cpm
The same elutriation procedure was used to enrich CML cells fromeguals 1 nmole of superoxide anion, as measured with a cytochro

RBC/neutrophil pellet. The elutriated cell fraction contained cells with the-reduction technique}.

morphology of mature neutrophilic granulocytes (95%), monocytes (1%),

bands (1%), and eosinophils (3%). The CML cells were recovered froBompounds

patients (n=9; age 18-63) with newly diagnosed, untreated CML in . ) ) . ) ) .

chronic phase. Chromosome analysis of cells revealed 100% translocaﬁgﬁtamm.e d|hydrqchlor|de (Sigma Qhemlcals, St"Lows, MO), th} H

9:22 (PH) in all patients. Manual differential counts at the time of ceIF’jlntagonISt ranltldlne_ hydrochlorlde_ . (,Glaxp’ Mdal,_ Sweden),

sampling showed a median of 0% (range, 0-0.5) blasts, 0.5% (O_ﬁZOZSQQAA(achemlcal control to ranitidine, kindly provided by Glaxo),

0

alase (Boehringer Mannheim, Mannheim, Germany), human recomb;
promyelocytes, 4% (0-7.5) myelocytes, 1.5% (0-12) metamyelocytes, S8
3-9) bands, and 65% (58-77) mature neutrophilic granulocytes. nant ”.‘_2 (EuroCetus, Amsterdam, The Netherland_s), and fMLF (Sigmé&
39 6 ( ) P 9 y Chemical) were used. MNC treated with culture medium served as control§t
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Target cells and microcytotoxicity assay

K562 cells, an NK cell-sensitive cell line originating from a CML patient inR€SUItS
blast crisis’ were used as target cells. The K562 cells (5<LQ0° cells/mL) ) N .
were incubated with'Cr (Amersham, Stockholm, Sweden) at a concentrd \onmalignant GR inhibit NK cell function

tion of 150 wCi/mL cell suspension for 2 hours. After centrifugation and].he effects of benign GR on NK cell function were determined by

resuspension in culture medium,“l@rget cells in 5QsL portions were . . . .
added to effector cells in 96-well microplates (Nunc, Roskilde, Denmark"il.ddlng GR to lymphocytes enriched for NK cells in microplates for

The NK cell-enriched lymphocytes and target cells were incubated #pS@ Of cytotoxicity against CML cell-derived target cells (K562).
sextuplicate in microplates in a total volume of 200 in the presence or 1he GR/effector cell ratios used were 1:1 to 1:10 (100 000 NK
absence of GR or CML cells. The compounds used were added at the ofgdt-enriched lymphocytes admixed with 100 000-10 000 GR).
of incubation with the exception of N-formyl-Met-Len-Phe (fMLF), which  Granulocytes effectively depressed NK cell-mediated cytotoxic-
was added at 15 minutes. After incubation at 37°C for 16 hours, supernatigtagainst K562 cells without the apparent requirement of addi-
fluids were collected by a tissue collecting system (Amersham) and assayieshal exogenous stimuli. Figure 1 shows a representative experi-
for radioactivity in ay-counter. Maximun?!Cr-release was determined in ment in which GR inhibited the spontaneous cytotoxicity of
target cell cultures treated with Triton X-100. NK cell cytotoxicity Washeterologous NK cells in a 16-hoBiCr assay, and similar results
calculated as cell lysis percent according to the following formulz-*,-vere obtained using GR and NK cells recovered from 9 blood
100 x [(experimental release spontaneous release)/(maximum release donors. In most experiments, GR/lymphocyte ratios of 1:2 or 1:4

spontaneous releasej] cell lysis %. ffici iqnifi | d icity (Fi 1 d
In accordance with earlier studi®&more than 90% of the lymphocyte WE'e sufficient to significantly reduce cytotoxicity (Figure 1), an

cytotoxicity against K562 cells was depleted by the removal of DB Significant inhibition of NK cell cytotoxicity was observed also in
cells (by use of anti-CD56-coated Dynabeads) from the effector lymph@i=hoursCr assays (data not shown). Autologous and heterologous
cyte preparation; in contrast, removal of CDJ cells (by use of GR were equally effective in reducing NK cell cytotoxicity, and the
anti-CD3-coated Dynabeads) did not significantly reduce cytotoxicity. ~ degree of inhibition was similar after the removal of CDBcells

20z dunp €0 Uo Jsan!
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80 cell inhibition by a GR/effector cell ratio of 1:8. At this low density,
12000 6R | 12,000 GR unstimulated GR did not significantly affect NK cell cytotoxicity,
70 whereas fMLF-treated GR reduced NK cell cytotoxicity by more
than 50%.
60 ] Secondly, we introduced scavengers of ROS to corroborate the
role of NADPH oxidase products for the GR-induced inhibition
50 and to determine which species of ROS mediated the inhibitory
2 signal. Superoxide dismutase, a scavenger of superoxide aHion,
g 40 did not reverse the spontaneous or fMLF-induced inhibition of NK
> cells, when used at concentrations sufficient to scavenge more than
3 30 99% of superoxide anion (200 U/mL; data not shown). Catalase, a
O scavenger of hydrogen peroxigle4 was found to significantly
rescue NK cell function in the presence of suppressive GR (Figure
204 2) with an EDy, of approximately 20 U/mL (Figure 2, inset), and to
restore the NK cell response to IL-2. Catalase also prevented g
10 + major part of the fMLF-induced inhibition (Figure 1, inset). g
Granulocytes produce reactive nitrogen intermediates (RO). g
0 To study whether NO induction in GR contributed to the observed

NK cell inhibition, we used a nitric oxide synthase inhibitor
(N-nitro-L-arginine methyl ester [L-NAME]}®> This compound,
used at final concentrations of 1 to 1énol/L, did not affect the
GR-induced suppression of NK cells (data not shown).

Granulocytes (x10°)

Figure 1. NADPH-oxidase-dependent inhibition of NK-cell cytotoxicity by
nonmalignant GR. One hundred thousand NK cell-enriched lymphocytes were
admixed with GR and assayed for cytotoxicity against K562 cells (104 cells/well) in a
16-hour assay. The cell cultures were treated with culture medium (control, O) or
fMLF (0.1 wmol/L, A), added at 15 minutes after the onset of incubation. Data are cell
lysis percent = SEM of sextuplicate determinations. The inset shows a correspond-
ing experiment in which cells were treated with culture medium (med), histamine (H;
10 pmol/L), or catalase (C; 100 U/mL).

Regulation by histamineviaH ;R

!
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Histamine has earlier been shown to inhibit NADPH OX|dase
dependent formation of ROS in neutrophilic GR and in other
phagocyte$. Histamine was found to protect NK cells from
GR-induced inhibition with an efficacy similar to that of catalaseg
(by use of anti-CD3-coated Dynabeads) from the effector cdfigure 2), and significantly reversed the inhibition induced byu
affected the inducibility of NK cells by concomitantly treatingdose dependent with an E§bf approximately 2umol/L (Figure 2,
mixtures of enriched NK cells and GR with IL-2, a prototypical NKinset). To determine which subtype of histamine receptors medi
cell activatort The presence of GR effectively reduced the NK celited the protective effect, we used ranitidine, an antagonisfRit H
activation induced by IL-2 (Table 1). Ranitidine, used at concentrations equimolar to histamine, com;
pletely blocked the histamine effect (Figure 3). To exclude thaf
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Role of ROS

To investigate the putative contribution by ROS for the observed
GR-induced NK cell inhibition, we first added fMLF, a chemotactic
tripeptide known to rapidly trigger NADPH-dependent ROS forma-
tion in GRfMLF did not alter NK cell-mediated cytotoxicity in
the absence of GR, but effectively reinforced the GR-induced
inhibition of NK cells. A total of 7 experiments were performed in
which fMLF was found to boost the GR-induced inhibition at
GR/effector cell ratios of 1:8, 1:4, 1:2, and 1:R € .01 for all
ratios examined, Mann-Whitnéy test). Figure 1 (inset) shows NK

—o—Control —e—Histamine —m—Catalase

\I\I
T

80

60 -

20z unr g0 uo 3senb Aq pd'1.961000

40 4
Table 1. Inhibition of IL-2-induced NK cell cytotoxicity by GR and its
reversal by histamine

Cell lysis %

Histamine | Catalase

\I

Treatment* 30

Histamine 20 4
+ IL-2 20

Experiment

no. Cells Medium  Histamine IL-2

| Lymph 54 +3 53+3 60+3 66+3 E
Lymph + GR (80)t 9+1 23+2 21+3 48=+1 10
GR (80) <3 <3 <3 <3 0 I : [) 10502?0 : : :
Il Lymph 48 + 2 45 + 3 62+ 4 63+ 2 0 10 20 30 40 50
Lymph + GR (80) 15+2 30+3 14+3 47+5
GR (80) <3 <3 <3 <3

& 1 10100

Granulocytes (x103)

Figure 2. Histamine and catalase reverse GR-induced NK-cell inhibition.

*Data are NK cell cytotoxicity against K 562 target cells (mean * SEM of Histamine (10 umol/L, @), catalase (100 U/mL, W), or culture medium (O) were added

sextuplicate determinations). Results obtained using NK cell-enriched lymphocytes
(lymph) and GR in two experiments are shown. Final histamine concentration was 10
pmol/L, IL-2 100 U/mL.

tNumbers in parentheses refer to GR added x 103.

to 105 enriched NK cells alone or admixed with 2 X 104 or 5 X 10* GR in microplates.
The compounds were added at the onset of a 16-hour assay. The inset shows a
dose-response experiment using histamine (pmol/L) and catalase (U/mL) at an NK
cell/GR ratio of 1:1. All data are cell lysis percent = SEM of sextuplicate determinations.



1964  MELLQVISTetal BLOOD, 1 SEPTEMBER 2000 + VOLUME 96, NUMBER 5

80 A100 Control B 100 MLF
[] control H;%;%
I hist 1 % -
[—] ran
hist + ran Sl = 804
P g P =
£ g
E 40 4 E, 40 4
0
°\° med H +Ran +AH 20{ |—o—Control 204 | —o—Control
0 —e—Histamine | —e—Histamine
‘w 40 _ —u Catalase | _a_Catalase
> o ’
— 0 0 20 30 40 50 [ o 2 30 4 s
8 CML cells (x10%) CML cells (x10%)
Figure 4. Stimulus-dependent inhibition of NK-cells by CML cells: reversal by
histamine and catalase. One hundred thousand heterologous NK cell-enriched
20 i lymphocytes were admixed with 1.2to 5 X 104 CML cells and assayed for cytotoxicity o
against K562 cells (104 cells/well) in a 16-hour assay. The cell cultures were treated %
with culture medium (control, O), histamine (10 wmol/L, @), or catalase (100 U/mL, g
i ). The right part of the figure shows data obtained in cell cultures also treated with S
fMLF (0.1 pmol/L), added at 15 minutes after the onset of incubation. Data are cell ;
lysis percent = SEM of sextuplicate determinations. S
=3
0 t g
50 100 . Lo . 5
mixtures (data not shown), indicating that release of histaming
Granulocytes (x1 03) from CML cells was not a major mechanism responsible for thes
inability of resting CML cells to inhibit NK cells. 2
Figure 3. Ranitidine blocks histamine-induced reversal of GR-induced NK cell %
?nhibition. NK cells were added to microplate wells as described in F?gure 1 and Histamine inhibits ROS formation in CML cells 3
incubated with 5 X 104 or 10° GR. K562 cells were used as targets. The inset shows 5
an experiment comparing effects of ranitidine and its inert chem!cal control, The flndlﬂg that catalase prevented the CML cell-induced inhibi<
AH202399AA. All compounds were used at 10 pmol/L. Data are cell lysis percent = i o
SEM of sextuplicate determinations. tion of NK cells suggested that ROS generated by CML cellsz
significantly contributed to the inhibition. We therefore investi- §
nonspecific effects of ranitidine accounted for its blocking propegated whether histamine regulated ROS formation in CML cellsg

ties, we used AH202399AA, a ranitidine analogue in which #Sing fMLF as the inducer. fMLF induced a prompt production of
thioether group has been replaced by an ether, thereby redudifgS in CML cells. This response was inhibited in a dose-2

H,R antagonism more than 50-fdld2 This chemical control, used dependent manner by histamine with ansgbf approximately 2 2
at concentrations equimolar to ranitidine, did not block the NiMol/L. The inhibitory effect of histamine was blocked by g
cell-protective effects of histamine (Figure 3, inset). §
3
Stimulus-dependent inhibition of NK cell function by CML cells A™ [Cicontral B ™ oontral %
Ml Histamine i Il Histamine 2
In contrast to nonmalignant GR, CML cells did not constitutively 1% 1001 5
inhibit NK cell function (Figure 4, left). However, CML cells g
induced to generate ROS by treatment with fMLF effectively %1 801 e
inhibited the cytotoxicity of heterologous NK cells against K562 3 3 é’
cells (Figure 4, right). The inhibition of NK cell cytotoxicity was § *] 5 8
observed at a CML cell/lymphocyte ratio of 1:1 using CML cells 5 5 3
from all of the 9 patients examined, but the degree of inhibition was™ *] = 0] ¢
variable; fMLF-activated CML cells from some patients signifi- ®
cantly suppressed NK cell cytotoxicity also at lower CML cell/ 7 ]
lymphocyte ratios (data not shown). The inhibition of NK cell
cytotoxicity was prevented by catalase and histamine (Figure 4, O TympnLymph + GR “Lymph + CHI O TomphLymoh + GR Lymph + GMIL
right). Ranitidine, used at concentrations equimolar to histamine, e cells
blocked the protective effect of histamine (data not shown). FIguFEe Corsiutis bt i oo 0% ey e, o

5A summarizes the effect of GR or CML cells from 9 blood donorgML cells and assayed for cytotoxicity against K562 cells (104 cells/well) in a 16-hour
or 9 CML patients on NK cell function and its regulation byassay. The cell cultures were treated with culture medium (CJ) or histamine (10
histamine. Figure 5B shows results obtained in para”e| e>(peHmoI/L, ). The results are expressed as the mean percent of baseline cytotoxicity

. . . against K 562 cells (control, part A), where the cytotoxicity of NK cell-enriched
ments in which NK cells were activated by IL-2. lymphocytes of each donor was set to 100% (mean baseline cytotoxicity of all donors:

Because histamine is frequently a constituent of CML Célls,49.2 cell lysis percent, range 32-74). Part B (IL-2) shows results obtained in parallel
we explored the possibility that release of histamine from CMExperiments in which cells were treated with IL-2 (100 U/mL, 16 hours), and the

cells in vitro could account for the lack of constitutive inhibition ofYttoxicity of IL-2-activated lymphocytes of individual donors was set to 100%
(mean IL-2—induced cytotoxicity: 59.2 cell lysis percent, range 38-85). Data are

NK cell cytotoxicity by CML cells. In these experiments, we addegercent of control cytotoxicity (mean + SEM) of NK cells incubated with GR from 9
ranitidine, at 0.1 to 10Qumol/L, to mixtures of CML cells and NK healthy donors, or CML cells obtained from 9 CML patients in stable disease with
cell-enriched lymphocytes, with the aim to antagonize extracellulgfo% Ph- cells. Statistics by Mann-Whitney U'test. Lymph (medium) versus lymph +
hi . | df CML lls. Ranitidi did t alter N R (medium): P < .005 (control), P < .005 (IL-2); lymph + GR (medium) versus

Istamine released from cells. Raniudine did not aiter mph + GR (histamine): P < .05 (control), P < .01 (IL-2); lymph + GR (medium)

cell-mediated cytotoxicity (against K562 target cells) in these cekrsus lymph + CML (medium): P < .005 (control), P < .005 (IL-2).
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4.0 100
. 40
o control —o— control
. —e— hist
35 e hist .
. —a— hist + ran
4 hist+ran 804,
3.0 ‘ ran @
| )
Q
2.5 § 60 o med hist  catal
& ]
e £
E 2.0 % 40
£ S
s &
[¥) 1.57 o\e
201
1.0
0.57
0 1 T T 1 ) T
0 10 20 30 40 50

- — - 3
0o %2 4 6 B 10 12 14 Granulocytes (x10°)
fMLF min Figure 7. GR-induced apoptosis in NK-cells. One hundred thousand NK cell-
enriched lymphocytes were admixed with 2.5 to 5 X 10* GR for 16 hours. The cell

Figure 6. Histamine inhibits the generation of ROS in CML cells: reversal by cultures were treated with culture medium (O), histamine (10 wmol/lL, @), or

ranitidine. CML cells were treated with culture medium (control, O), histamine (10
pmol/L, @), ranitidine (10 wmol/L, A) and histamine + ranitidine (10 wmol/L + 10
pmol/L, A). Emission of chemiluminescence was recorded after addition of fMLF at
t = 0. Abscissa, time of study (minute); ordinate, chemiluminescence in cpm. Similar
results were obtained in experiments using CML cells from 4 patients with CML.

histamine + ranitidine (10 pmol/L + 10 pmol/L, A). After incubation, cells were
labeled with anti-CD56 and assayed for morphologic apoptosis using flow cytometry.
Data are the percentage of apoptotic NK cells among all gated lymphocytes and are
the mean = SEM of 5 blood donors. The inset shows the corresponding data for
apoptotic T cells (CD3*/CD56~) and are the mean += SEM of 5 donors.

ranitidine but not by its chemical control, AH202399A, indiczatinngF,totiC morphology and a parallel striking reduction of
that the effect of histamine was specifically transduced bfyHe  intracellular glutathione in NK cells after incubation with GR.
receptors on CML cells (Figure 6). These apoptotic features were barely detectable 4 hours after tige
onset of incubation with GR and reached a maximum at 16 to 2§
hours. The GR-induced apoptotic morphology in NK cells wasz

. ) prevented by catalase and by histamine, and the effect &
.Th(.es.e results |mp.ly that GR, by producing ROS, are Po,temstamine was completely reversed by ranitidine (Figure 7). Th&
inhibitors of baseline and IL-2—induced NK cell cytotoxicity X

. . ) A rotective effects of catalase and histamine were confirmeg
against a CML-derived target cell line, and that fMLF-actlvateasing annexin V staining and measurement of intracellulag

CML cells share the NK cell-inhibitory properties of nonma”gnan&lutathione. Superoxide dismutase (200 U/mL) or L-NAME
GR.In a series of experiments, we studied the fate of NK cells aftgy_4 wmol/L) did not prevent GR-induced apoptosis in NK
contact with benign or malignant GR. We estimated the frequenaéIIS (not shown).

of lymphocytes with morphologic features characteristic of apopto- We next examined whether CML cells induced apoptosis irg
sis, that is, a reduced forward scatter and increased right anglg aiis in a fashion similar to GR. In contrast to GR, CML 5
scatt_er7,v12 after QV‘?f”'ght incubation with GR or C_ML cells. To cells did not constitutively induce apoptosis in lymphocytes, bué
c_onflrm apoptosis in the gated Iymphocytes, 2 additional ?ytom%{'sizable fraction of NK cells became apoptotic after overnighé
ric methods were used—detection of extracellular annexin V ang. \hation with fMLF-activated CML cells. The CML cell- 8
intracellular glutathione. These methods were chosen because t HMiced apoptosis in NK cells was prevented by histamine
reflect early chgnges assopiated with apopt¥sisand therefore (Tables 2 and 3). The protective effect of histamine was

allow a concomitant analysis of lymphocyte phenotype. mimicked by catalase and completely reversed by ranitidine, but

Apoptotic cells translocate the membrane phosphatidylseri%t by AH202399AA (data not shown)
from the inner leaflet of the plasma membrane to the outer, and '

phosphatidylserine is thereby exposed to the extracellular
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Benign and malignant GR induce apoptosis in NK cells
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environment, and annexin V binds to externalized phosphatid)gf’ib'e 2. CML cell-induced morphologic apoptosis in CD56 -+ NK cells:
. Y . rotection by histamine

serine!? Simultaneous analyses of annexin V and morphology P .

revealed a corresponding degree of annexin V staining and the _ — - —

appearance of lymphocytes with apoptotic morphology (data not < Medium  Histamine  Medium  Histamine

shown). Oxidative-induced apoptotic cell death is also accompawmph + CML (50)* 64.7 33.3 7.8 4.3

nied by depletion of intracellular stores of glutathiodé2 The Lymph + CML (25) 30.7 163 16 16
23.2 6.6 13 0.9

vast majority of lymphocytes with apoptotic morphology-y™ph + CML (10)
(> 95%) had intracellular glutathione levels, measured fluori- pata are expressed as the percentage of NK cells (CD56+) and T cells (CD56-)
metrically as mean fluorescence intensity, which were 10- t@h morphologic apoptotic features, as reflected by a reduced forward and side
100-fold lower than those of Iymphocytes with normal forwardngle scatter. The population of gated CD56~ lymphocytes consisted of >80% CD3*

. T cells. Final histamine concentration was 10 pmol/L. Similar results were obtained in
and side angle scatter.

) ) three separate experiments.
We observed an accumulation of CD56K cells with *Numbers in parentheses refer to CML cells X 108.




1966  MELLQVIST etal BLOOD, 1 SEPTEMBER 2000 - VOLUME 96, NUMBER 5

Table 3. CML cell-induced depletion of intracellular glutathione in CD56 + NK cells: protection by histamine

All lymphocytes CD56* CD56~
Cells Medium Histamine Medium Histamine Medium Histamine
Lymph + CML (50)* 35.5 14.9 71.9 38.4 14.6 7.1
Lymph + CML (25) 14.5 4.4 35.6 19.2 3.7 2.7
Lymph + CML (10) 5.4 3.1 25.3 9.4 2.6 1.8

Data are expressed as the percentage of NK cells (CD56") and T cells (CD56~) with morphologic apoptotic features, as reflected by reduced intracellular content of
glutathione. The population of gated CD56 ~ lymphocytes consisted of >80% CD3" T cells. Results obtained using lymphocytes and fMLF-activated CML cells are shown. Final
histamine concentration was 10 pmol/L. Similar results were obtained in three separate experiments.

*Numbers in parentheses refer to CML cells X 103,

Lymphocyte subsets differ in sensitivity to GR or CML frequently susceptible to the lytic activity of NK cells; early studies
cell-induced apoptosis demonstrated that allogeneic NK cells activated by beNan NK

. . cell-activating cytokine, were cytotoxic for freshly recovered CML
We compared the degree of apoptosis in CDB& cells and in gcy % y

} cells in vitro320-22 These antileukemic properties of NK cells &

- 2

other Iy_mphocyt_e _s_ubsets. GR as well as .CML cell mducegf;pear to be relevant in surveillance against CML cells in vivo; forz
apoptosis was significantly more pronounced in CDB& cells . . . 5]
. . example, patients with CML whose peripheral blood NK cells cang

than in CD3 T cells. Thus, at a GR density of 2:610%well, . R . . . e
. - ount lytic activity in vitro against malignant CML cells in 3
approximately 40% (mean of 5 donors; Figure 7) of all gate ; ; 3
response to IL-2 have a lower risk of relapse after allogeneic bong

CD56" NK cells had acquired apoptotic morphology, whereas less : . - - F
. o marrow transplantation than patients lacking such cytotoxiéity,
than 25% of gated T cells were apoptotic, and this d|fferencaend a correlation between NK cell recovery after bone marro
attained statistical significanc® K .01, Student test for pairs; lantati d . int Y8 CML has b
Figure 7, inset). A similar difference in propensity to apoptosis We{ransp antation and remission maintenance in as bee

observed when GR were replaced by fMLF-activated CML cel emonstratedt A further indication of a role for NK cells in
protection against malignant cells in CML is that NK cells are!

d:

d%’5‘?//

suonestsin

Tables 2 and 3). 3
( ) considered to contribute to the striking therapeutic benefit of &-N- gi

in CML. Pawelec and coworketsreported a steady increase in NK &
Discussion cell-mediated cytotoxicity in vitro in patients with CML during fa;_’

treatment with IFNe, a phenomenon not observed for T—cellg

In the first part of this study, we show that normal GR constitutive[?mcnom and Meseri and colleagd&found a correlation between

and effectively inhibit NK cell function, render NK cells resistan
to activation by IL-2, and induce apoptosis in NK cells. Thes& ~ ) : =
In addition to the proposed role of NK cells in surveillance of g

GR-triggered events were reduced or inhibited by a scavenger of - i . 3
hydrogen peroxide (catalase), but not by a scavenger of Supero)m%hgnant cells in CML, it seems well established that NK cells areg

anion (superoxide dismutase) or a NO synthase inhibitor (El_eficient in number and function in this disease. Early studieg
NAME), suggesting that hydrogen peroxide, or NADPH oxidasec'-howed that peripheral blood lymphocytes recovered from CMLs
dependent ROS formed downstream of this compound, were fPtients were less cytotoxic for conventional NK cell-sensitive3
main mediators of the GR-induced suppression. Thus, GR share {@@et cells in vitro as compared with lymphocytes recovered fromy

NK cell-inhibitory properties previously reported for monocytesV‘ealthy donors] or from patients with other chronic leukemi#s. g
macrophage$!?and use a similar inhibitory mechanism.

ytogenetic remission and the appearance of NK-like cytotoxicit

=

L961TS/96/

the peripheral blood of patients with CML treated with IFel\-

In subsequent studies, it was shown that the absolute number Ef

Several investigators have reported that GR inhibit the cytoto&lrculating NK cells and the cell cycle proliferation of NK cells of 2
icity of NK cells, but the mechanism responsible for the inhibitioRatients with CML are subnormal, and that a reduction ofg
has been a matter of controversy. Shau and Golub reported g number and inducibility of NK cells accompanies diseases
resting neutrophils inhibited lymphokine-activated killer cellProgressior:® ¢
mediated cytotoxicity when added to IL-2—activated lymphocytes Much effort has been devoted to the characterization an@
and target cells. The inhibition was resistant to scavengers of Ré(ctional significance of the NK cell defect in CML, but the
such as superoxide dismutase or catalédala and coworkers Mechanism underlying the dysfunction has remained largely un-
reported that long-term incubation (1-4 days) of NK cells wittknown3 In brief, the results of this study reveal a complex interplay
polymorphonuclear neutrophils resulted in the formation of NKRetween CML cells and NK cells, which may be of relevance to the
cell-suppressive prostaglanditfsin our hands, GR-derived ROS NK cell inhibition in CML. Thus, ROS produced by activated CML
were the predominant suppressive mediators, although the contrigglls inhibited the baseline and cytokine-induced cytotoxicity of
tion by other inhibitory factors could not be ruled out. For exampléYK cells, and a significant fraction of NK cells from healthy blood
even optimal concentrations of catalase or histamine could rianors became apoptotic after incubation with activated CML
entirely eliminate the GR-induced suppression. In this regard, GRrlls. These CML cell-triggered events—reduced cytotoxicity,
differ from monocytes/macrophages, because the inhibition of Nieduced inducibility, and subsequent apoptosis—Ilargely corre-
cells induced by these cells under similar experimental conditioagond with NK cells in CML patients, which are characterized by
is almost completely prevented by catalase and NADPH oxidageficient cytolytic activity and deficient inducibility, paralleled by a
inhibitors 12 reduction in NK cell numbet29-30

A second part of this study was devoted to effects of CML cells However, our data also reveal that CML cells are less effective
on NK cell function and viability. Our interest in this area wasnhibitors of NK cells than normal GR. Thus, CML cells, but not
inspired by the numerous reports claiming that NK cells contributéR, depended on an NADPH oxidase-triggering stimulus, fMLF,
in surveillance of the malignant clone in CML. Thus, CML cells ar¢o inhibit NK cells. Whether CML cell-derived ROS inhibit NK
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- tamine suggested by the high serum levels of histamine and the occasional
M H2 receptor symptoms related to hypersecretion of gastric acid and pepsin in

CML patients, suggesting that,R can be targeted by CML
cell-derived histamine in vivé?

Our data suggest that histamine may serve as an autocrine
inhibitor of ROS production in CML cells, thereby preventing
functional inhibition and apoptosis in adjacent lymphocytes. How-
ever, if we accept that ROS production is a mechanism by which
CML cells can escape NK cells or other lymphocytes with
antineoplastic function, it seems reasonable to also assume that the
production of ROS-inhibitory histamine by the CML cells is not
sufficient to prevent inhibition of NK cells, because NK cells
undoubtedly deteriorate in function and number during progression
of the diseasé? This assumption is supported by our finding that
CML cells did not constitutively release histamine in amountsg
sufficient to protect NK cells or T cells. Thus, a putative balancg9
between ROS production and histamine in CML is probably shlftecg
in favor of ROS production.
cells in vivo and whether factors that trigger NADPH oxidase The frequency of apoptosis in lymphocytes after contact W'thg
activity are required for such inhibition remains to be establishedctivated CML cells or nonmalignant GR was considerably hlgheé‘
Two arguments may be put forward in support for the hypothedis CD56" NK cells than in T cells. These findings are consonant,.
that CML cell-derived ROS contribute to the NK cell dysfunctiorwith earlier studies demonstrating that NK cells are more pron@r
in this disease. First, in CML, the malignant cells are frequentpan T cells to acquiring apoptotic features after exposure t(i
present in high numbers in blood and in bone marrow and everydrogen peroxidé!?and suggest that T cells are, at least in part,3
moderate production of ROS by these cells may have profouptbtected against oxidatively-induced apoptosis. The mechanisn@
effects on adjacent cells. Second, recent data suggest that lympinuderlying this difference in apoptotic propensity between NKg
cytes from CML patients may be subjected to oxidative inhibitiorcells and T cells should be the focus of further investigation.
Buggins and coworkers demonstrated that NK cells and other Our data are suggestive of novel mechanisms by which CMLg
lymphocytes in the peripheral blood of patients with CML atells affect functions of NK cells. A balance may be at hand ing
various stages of disease display a pronounced reduction of @®IL, because CML cells are producers of NK cell-inhibitory §
expression of CD@%! a phenomenon associated with oxidativeROS, and contain histamine, which can function as an autocring
stres$:32 inhibitor of ROS formation and, thereby, protect NK cells from =

We also report that histamine, acting via,R{ inhibited CML cell-derived inhibition. These interactions are schematicallyg
fMLF-induced ROS production by CML cells and, thereby, predepicted in Figure 8.
vented the CML cell-induced inhibition of cytotoxicity and pro-
tected NK cells from apoptotic cell death. In earlier studies,

H,-receptors transducing inhibition of ROS formation have been

demonstrated on normal GR and on leukemic cell lines deriveﬁcknowledgments

from phagocyte$® but our report is the first to demonstrate

functional histamine ktreceptors on freshly recovered CML cells.We are indebted to Marie-Louise Landelius for expert technica
Whether the CML cell content of histamine significantly alterassistance and to Bo Nilsson andjad Strannegard for critical
ROS synthesis in vivo is not known, but a role for histamine igeview of this manuscript.

£z Cytotoxicity
<3~ Response to IL-2

oxidase apoptosis

Reactive
oxygen species

d “ﬂ fMLF-receptor
fMLF

Figure 8. Schematic description of an interaction between ROS-generating
CML cells and NK-cells and its regulation by histamine.
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